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ABSTARCT

Adenosine-to-inosine (A-to-I) RNA editing is a very common post-transcriptional modification that
can lead to A-to-G changes at the RNA level and compensate for G-to-A genomic changes to a certain
extent. It has been shown that each healthy individual can carry dozens of missense variants predicted
to be severely deleterious. Why strongly detrimental variants are preserved in a population and not
eliminated by negative natural selection remains mostly unclear. Here we ask if RNA editing correlates
with the burden of deleterious A/G polymorphisms in a population. Integrating genome and
transcriptome sequencing data from 447 human lymphoblastoid cell lines, we show that
nonsynonymous editing activities (prevalence/level) are negatively correlated with the deleteriousness
of A-to-G genomic changes and positively correlated with that of G-to-A genomic changes within the
population. We find a significantly negative correlation between nonsynonymous editing activities and
allele frequency of A within the population. This negative editing-allele frequency correlation is
particularly strong when editing sites are located in highly important genes/loci. Examinations of
deleterious missense variants from the 1000 genomes project further show a significantly higher
mutational burden in G-to-A changes than in other types of changes. The level of the mutational burden
in G-to-A changes increases with increasing deleterious effects of the changes. Moreover, the
deleteriousness of G-to-A changes is significantly positively correlated with the percentage of binding
motif of editing enzymes at the variants. Overall, we show that nonsynonymous editing contributes to
the increased burden of G-to-A missense mutations in healthy individuals, expanding RNA editing in

pathogenomics studies.
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INTRODUCTION

Mutations are the ultimate driving force of evolution, providing the major source of genetic variability
within a population. Generally, most mutations at functionally important loci, especially those that
cause nonsynonymous changes (missense substitutions), are destined for selective elimination because
of their deleteriousness. However, it was observed that each healthy individual could carry hundreds
of missense substitutions, some of which were homozygous and predicted to be severely deleterious
or disease-causing (MacArthur et al. 2012; Tennessen et al. 2012; Xue et al. 2012). Recent analysis of
the Human Gene Mutation Database (HGMD®) (Stenson et al. 2009) also revealed that 5,132 out of
92,331 missense variants were classified as disease-causing mutations (Stenson et al. 2017). For
pathogenomics studies, deleterious variants are often observed in well-established disease-associated
genes in population controls, making it difficult to extract pathogenic variants (MacArthur et al. 2012).
Many studies have investigated the burden of deleterious variants, or the so-called mutation load,
carried by a population and indicated that the persistence of deleterious variants in a population is
primarily affected by the strength of genetic drift and negative selection (Kimura et al. 1963; King and
Jukes 1969; Lynch and Gabriel 1990; Ohta and Gillespie 1996; Lohmueller 2014; Henn et al. 2015).
It is understandable that mildly deleterious variants contribute more to mutation load than severely
deleterious ones because the former are subject to relatively weaker selective constraints than the latter
(Lohmueller 2014; Henn et al. 2015). However, the reason that strongly detrimental variants
(particularly those in the homozygous state) are preserved in a population and not eliminated by

negative natural selection remains mostly unclear.

Adenosine-to-inosine (A-to-I) RNA editing is a very common mechanism in metazoans (Porath
et al. 2017a; Porath et al. 2017b; Hung et al. 2018). It is catalyzed by the protein families of adenosine

deaminases acting on RNA (ADAR), which convert adenosine (A) to inosine (I), leading to differences
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between the RNA products and the corresponding genomic sequences. A-to-I editing is also known as
A-to-G editing because inosine is subsequently recognized as guanosine (G) by the cellular translation
machinery. Thus, it was suggested that RNA editing could contribute considerably to diversity and
flexibility at both the RNA and protein levels, without the need for hardwired mutations at the DNA
level (Walkley and Li 2017; Yablonovitch et al. 2017). Although the majority of human RNA editing
sites apparently occur in Alu repeat elements located in non-coding regions (Athanasiadis et al. 2004;
Peng et al. 2012), the number of detected coding editing sites (including synonymous and
nonsynonymous sites) is continuing to increase (Tan et al. 2017; Hung et al. 2018). Since
nonsynonymous A-to-G RNA editing events can result in amino acid changes at the RNA level (even
though most observed coding editing sites are edited at a very low level (Li et al. 2009; Tan et al.
2017)), they may compensate for G-to-A genomic mutations to a certain extent and thus partially
reduce the deleteriousness of such mutations. Hence, we are curious about whether nonsynonymous

A-to-G RNA editing is associated with the burden of deleterious A/G genomic variants in a population.

To address the abovementioned issue, we conducted the first population-based analysis to examine
the association between A-to-G RNA editing activities and the allele frequency of A/G genomic
variants in a human population. Since minor alleles tend to be risk alleles (Park et al. 2011; Kido et al.
2018), an advantageous allele should reach a higher allele frequency within a population. If
nonsynonymous RNA editing contributes to the prevalence of deleterious A/G genomic changes in a
population, there should be a correlation between the editing activity at As and the allele frequency of
A. To neutralize the deleterious effect of G-to-A genomic changes at the RNA level, we speculate that
As with a lower allele frequency (As tend to be less advantageous than Gs) should be edited more
frequently than As with a higher allele frequency (As tend to be more advantageous than Gs). If this is
true, then a negative correlation should be observed between A-to-G RNA editing activities

(prevalence and level) and the allele frequency of As within a population; meanwhile, this negative
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correlation should be particularly strong in highly important, evolutionarily conserved loci/genes.
However, identification of RNA editing is often hampered by difficulties in distinguishing between
true editing sites and A/G genomic variants because of the lack of genome and transcriptome
sequencing data from the same samples at the population scale. To minimize false positives arising
from single nucleotide polymorphisms (SNPs), sites overlapping with known SNPs (e.g., dbSNP) are
generally discarded for detection of RNA editing events (Kurmangaliyev et al. 2015; Walkley and Li
2017; Hung et al. 2018). Thus, such a relationship between A-to-G RNA editing and the allele
frequency of A/G genomic variants within a population remains uninvestigated. Recently, the
Geuvadis lymphoblastoid cell line (LCL) data (Lappalainen et al. 2013), which encompass both
genome and transcriptome sequencing data from 447 individuals, have provided a unique opportunity
to determine the RNA editing activities at A/G polymorphic sites within the human population. This
dataset provides an ideal resource for our purpose. Moreover, we examined the relationship between
the distribution of different SNP types from the human population of apparently healthy individuals
(the 1000 Genomes project (Genomes Project et al. 2015)) and the deleterious effects of the
corresponding missense changes. We further asked if the relationship is associated with the known
sequence preference of ADAR binding (Lehmann and Bass 2000; Eggington et al. 2011) for G
depletion and G enrichment at the 5' and 3' neighboring nucleotides of the A-to-G editing sites. We
thus tested the contribution of nonsynonymous A-to-G RNA editing to the burden of deleterious

variants in the healthy human population.

RESULTS

Nonsynonymous A-to-G RNA editing activities are associated with the deleteriousness of A/G

missense changes

To assess the correlation between coding A-to-G RNA editing activity and the deleteriousness of A/G
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genomic variants in a population, we first extracted sites with A/G SNPs in coding regions from the
Geuvadis LCLs of 447 individuals (derived from the 1000 Genomes project (Genomes Project et al.
2015)) and the RNA-seq data of the corresponding LCL samples from the Geuvadis project
(Lappalainen et al. 2013). For each A/G SNP site, there are three possible genotypes across the LCL
population: AA, AG, and GG. We selected individuals with the homozygous genotype AA and used
the RNA-seq data from the corresponding LCL samples to determine RNA editing (Fig. 1A). Of note,
throughout this study we only calculated editing levels at sites with the homozygous genotype AA to
eliminate the expression effect of allele G. A site was defined as an editing site if it was found to be
edited at a level >5% in at least two LCL samples from individuals with homozygous genotype AA. A
total of 1,712 A/G SNP sites satisfied the above rule, in which editing causes a nonsynonymous change

at 889 sites and causes a synonymous change at 823 sites (Supplemental File S1).
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Figure 1. A-to-G RNA editing activities at A/G genomic variant sites. (A) Schematic diagram of an editing event at a

variant site with homozygous genotype AA in a population. A and G represent the minor and major alleles in this
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population, respectively. (B) and (C) Comparisons of (B) nonsynonymous and (C) synonymous editing activities
(prevalence and median level) at A/G genomic variant sites with harmless (CADD score < 10) and deleterious (CADD
score > 10) A-to-G/G-to-A changes in the LCL population. P values were determined using two-tailed Wilcoxon rank-sum

test. Significance: *P value < 0.05, **P value < 0.01, and ***P value < 0.001. NS, not significant.

We proceeded to examine the correlation between RNA editing activity and the deleterious effect
of genomic changes in the population. We used CADD (Kircher et al. 2014), a well-developed tool for
measuring the molecular functionality and pathogenicity of genomic changes, to assess the
deleteriousness of A/G genomic changes. Intriguingly, two phenomena were observed for the 889
nonsynonymous editing sites (Fig. 1B). First, both the prevalence and level of editing were higher for
G-to-A genomic changes than for A-to-G ones. Second, both the prevalence and level of editing were
reduced for deleterious (CADD score > 10) A-to-G genomic changes and elevated for deleterious G-
to-A changes. Of note, the prevalence of editing at each site was defined as the percentage of
individuals with editing done at the site over all individuals with homozygous genotype AA and a read
coverage > 10 (i.e., all individuals that were testable for this editing site). Particularly, the median
levels of nonsynonymous editing at sites with neutral/harmless (CADD score < 10) A-to-G and G-to-
A genomic changes were not statistically different (P value = 0.97), whereas the median editing level
was significantly higher at sites with G-to-A genomic changes than at those with A-to-G changes when
the changes were deleterious (P value < 0.001; Fig. 1B, right). In contrast, these phenomena were not
observed for synonymous editing sites, although the phenomenon of a higher prevalence of editing for
G-to-A genomic changes than for A-to-G ones held (Fig. 1C). These results thus suggest that
nonsynonymous RNA editing activities at As are associated with the deleterious effects of A/G

missense changes in the human population.

Nonsynonymous A-to-G RNA editing activities are negatively correlated with the allele

frequency of A in a population
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We then examined the correlation between nonsynonymous A-to-G RNA editing activity and the allele
frequency of A in the LCL population. We first showed that the proportion of deleterious
nonsynonymous genomic changes (CADD score > 10) markedly decreased with an increasing minor
allele frequency (Supplemental Fig. S1), reflecting the observation that minor alleles tend to be risk
alleles (Park et al. 2011; Kido et al. 2018). Next, the above results (Fig. 1B) showed that both the
prevalence and level of nonsynonymous editing were negatively correlated with the deleteriousness of
A-to-G genomic changes and positively correlated with the deleteriousness of G-to-A genomic
changes within a population. Accordingly, for an A/G genomic variant, if G is a minor allele within a
population (which implies that G is riskier or less advantageous than A), then the A allele should be
edited less to prevent the conversion of A into I (which is then recognized as G) at the RNA level. In
contrast, if A is a minor allele (which implies that A is riskier or less advantageous than G), then editing
of the A allele should be promoted to compensate to a certain extent for the deleterious G-to-A change.
In other words, we speculated that both the prevalence and level of nonsynonymous editing should
negatively correlate with the allele frequency of A within the LCL population. Indeed, we observed
that both the prevalence (Fig. 2A) and level (Fig. 2B) of nonsynonymous RNA editing markedly
decreased with an increasing allele frequency of A (or with a decreasing allele frequency of G) within
the LCL population. Again, this result supports the correlation between nonsynonymous RNA editing

activities and the deleteriousness of A/G missense changes in the human population.
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Figure 2. Correlation between nonsynonymous editing activities and allele frequency of A. Box (left) and scatter (right)
plots represented the correlations between nonsynonymous editing activities ((A) prevalence and (B) median editing level)
and allele frequency of A within the LCL population. Significant differences between prevalence/median editing level and
allele frequency of A were determined using two-tailed Wilcoxon rank-sum test. Significance: **P value < 0.01 and ***P

value < 0.001.

The negative RNA editing-allele frequency correlation is stronger in functionally more important
loci/genes than in less important ones

We have observed a significant correlation between nonsynonymous RNA editing activities and the
deleteriousness of A/G missense changes in a population. We then asked whether such a correlation
was stronger in functionally more important loci/genes than in less important ones. If it was, we should
observe a stronger correlation between nonsynonymous RNA editing activities and allele frequency of

A within a population in functionally more important loci/genes than in less important ones. To this
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end, we performed the following evolutionary and functional analyses (see Figs. 3A and 3B and
Supplemental Fig. S2). First, we considered the selective constraints of the host genes that contained
the nonsynonymous editing sites examined. We divided nonsynonymous editing sites into two equally
sized groups (i.e., editing sites located within genes under strong and weak selection pressure)
according to the ratios of nonsynonymous to synonymous substitution rates (dn/ds) calculated using
one-to-one human-rhesus macaque and human-mouse orthologs, respectively. Indeed, we found that
the negative correlations between nonsynonymous editing activities and the allele frequency of A were
significantly stronger for editing sites located within genes under strong selective constraints than for
those located within genes under weak selective constraints (all P values < 0.001 by the two-tailed Z
score test). Second, we examined whether this correlation was affected by the conservation of
individual nucleotides (as determined by PhyloP (Pertea et al. 2011) and PhastCons (Siepel et al. 2005)
scores). Similar to the above analysis, we divided the nonsynonymous editing sites into two equally
sized groups: highly and lowly conserved sites. As expected, the correlations were significantly
stronger for highly conserved sites than for lowly conserved ones. Third, we examined the effect of
gene essentiality on the correlation because essential genes are those that are functionally indispensable
for the survival of an organism. We divided nonsynonymous editing sites into two groups: sites located
within human essential (including essential and conditional essential) genes and those located within
non-essential genes. Of note, gene essentiality information was retrieved from the OGEE database,
which comprises 16 gene essentiality data sets derived from nine human cancers (Chen et al. 2017).
We also found a significantly stronger negative correlation between the prevalence/level of
nonsynonymous editing and the allele frequency of A for editing sites located within essential genes
than for those located within non-essential ones. Fourth, we further predicted that such a negative
correlation should be stronger for editing sites located within genes intolerant of a loss of function
(LOF) mutation than for those located within genes with LOF tolerance. We considered gene variant

intolerance (pLI) scores estimated by the ExAC Consortium (Lek et al. 2016), which range from 0 to

10
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1 with higher pLI scores indicating greater LOF intolerance levels. Human genes were divided into
two groups using the 90th percentile as a cut-off. The resulting data, shown in Figures 3A and 3B,
strongly supported our prediction. Finally, we examined the effect of gene pleiotropy on the
correlation. Pleiotropy is a phenomenon in which a single gene can result in multiple distinct
phenotypes. Pleiotropic genes were reported to be essential, to be highly connected in protein-protein
interaction networks, and to highly contribute to human diseases (Ittisoponpisan et al. 2017).
Generally, we found more strongly negative correlations between nonsynonymous editing activities
(editing level, particularly) and the allele frequency of A for editing sites located within pleiotropic
genes than for those located within non-pleiotropic ones. Taken together, these results support that the
negative RNA editing-allele frequency correlation is stronger in functionally more important

loci/genes than in less important ones in the human population.
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Figure 3. Functional and evolutionary analysis of the RNA editing-allele frequency correlations. The histograms

represented the correlations between nonsynonymous editing activities ((A) prevalence and (B) median editing level) and
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allele A frequency within the LCL population in four categories of evolutionary rates and three categories of functional
importance (see the text) of the target genes/loci where the editing sites were located. For four categories of evolutionary
rates, editing sites were divided into two equal groups according to the high and low scores of the target genes/loci. The
statistical significances of Spearman’s rank correlation coefficients (p) were represented by black stars. Significant
differences between two independent correlations (represented by red stars) were estimated using two-tailed Z score test
with the paired.r function within the psych R library. Significance: *P value < 0.05, **P value < 0.01, and ***P value <

0.001.

Phylogenetic variation in the RNA editing-allele frequency correlation

The pattern of phylogenetic variation of a trait is often used to assess its functional importance.
Regarding the patterns of phylogenetic variations for the 889 nonsynonymous editing sites, we can
assess the RNA editing-allele frequency correlation in different phylogenetic types of nonsynonymous
A-to-G editing sites. To this end, we retrieved human, chimpanzee, rhesus macaque, and mouse
orthologous nucleotides and defined five types of human nonsynonymous editing sites according to
their phylogenetic variations (Fig. 4A). First, “G-conserved” sites were those for which a G allele was
observed in all three non-human orthologs. Second, “A-conserved” sites were those for which an A
allele was observed in all three non-human orthologs. Third, “hardwired” sites were those for which
either an A or G was observed in all three non-human orthologs. Fourth, “G-unfound” sites were those
for which G was not observed in any of the three non-human orthologs, excluding sites already
designated as A-conserved. Fifth, “diversified” sites were those for which either a G or non-G was
observed in all non-human orthologs, excluding sites already designated as hardwired. This
categorization resulted in 100 G-conserved sites, 299 A-conserved sites, 114 hardwired sites, 35 G-
unfound sites, and 26 diversified sites. Of note, A/G coincident SNPs (Hodgkinson et al. 2009; Chen
et al. 2016), which were orthologous sites observed to be A/G polymorphic in any two examined
species, were considered as the hardwired sites. Regarding the patterns of phylogenetic variations,

diversified sites may be subject to the weakest selective constraints compared to other types of sites
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because these positions allow various amino acid changes (Xu and Zhang 2014). Thus, we predicted
that the RNA editing-allele frequency correlation should be the weakest at diversified sites because
editing would cause the smallest impact on these sites, given their tolerance for variation in amino
acids. Indeed, we found that the correlation between the median editing level and the allele frequency
of A at diversified sites was insignificant (P value = 0.12); in contrast, the negative RNA editing-allele
frequency correlations held significantly for all the other types of sites (Fig. 4B and Supplemental Fig.

33).
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Figure 4. Phylogenetic analysis of nonsynonymous A-to-G editing sites. (A) Definition of five types of human
nonsynonymous editing sites (A-conserved, G-unfound, hardwired, G-conserved, and diversified) based on their
evolutionary variations among human, chimpanzee, rhesus macaque, and mouse. (B) Correlations between median editing
levels and allele frequency of A within the LCL population for the five groups of editing sites. The number of
nonsynonymous editing sites examined in each group was provided in parentheses. P values were determined using two-

tailed Wilcoxon rank-sum test. Significance: **P value < 0.01 and ***P value < 0.001.

13


https://doi.org/10.1101/462390

bioRxiv preprint doi: https://doi.org/10.1101/462390; this version posted November 5, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Deleterious G-to-A missense changes are more tolerable than other types of changes in a
population

The above results that nonsynonymous editing activities are correlated with the deleteriousness of A/G
genomic changes raise the interesting question of whether nonsynonymous editing is associated with
the distribution of missense variants (or nonsynonymous SNPs) in a population, especially when the
missense changes are damaging. To this end, we extracted rare missense mutations (Materials and
Methods) from the 1000 Genomes project (Genomes Project et al. 2015) and examined the correlation
between the distribution of six possible SNP types and the deleterious effects of the corresponding
missense changes (Supplemental Table S1). The SNPs were classified into six groups rather than
twelve because genomic variants could potentially cause variants in both the sense and antisense
transcripts (e.g., A-to-G changes on one strand and T-to-C changes on the opposite strand). It was not
surprising that there was a higher proportion of rare missense mutations in the two transition groups
(A-to-G/T-to-C and G-to-A/C-to-T changes) than in the four transversion groups (Fig. SA).
Interestingly, the two transition groups exhibited quite different trends in terms of the proportions of
rare missense mutations. Proportions of rare missense mutations were markedly negatively correlated
with the corresponding CADD scores for A-to-G/T-to-C changes, but the reversed trend was observed
for G-to-A/C-to-T changes (Fig. SA). In particular, regarding the very deleterious missense changes
(e.g., CADD scores > 30), the vast majority (84%) of rare missense variants were G-to-A/C-to-T
changes while only 2% were A-to-G/T-to-C changes (Fig. 5A). The result suggests that G-to-A/C-to-
T missense changes are more acceptable than other types of changes in the human population when
the changes are deleterious. Considering all human coding regions, we further compared the
frequencies of two types of transitions (i.€., f(G-to-A/C-to-T) VS. f(A-to-G/T-t0-C)) 1n different CADD scores
(see Materials and Methods and Supplemental Table S1). We found that the f(G-to-A/C-to-T)/ f(A-to-G/T-to-C)

ratio was relatively close to one when the rare missense changes were neutral/harmless (CADD score
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< 10); however, such ratios were significantly higher than one when the changes were deleterious
(CADD score > 10) (Fig. 5B). Particularly, the f(G-to-a/c-to-T)/f(A-to-G/T-t0-C) ratios markedly increased
with increasing CADD scores (Fig. 5B). Moreover, we calculated the proportions of rare missense
mutations for A-to-G/T-to-C and G-to-A/C-to-T changes per individual from the 1000 genome project
and examined the individual mutational burden of these two types of rare missense changes. We also
found that the median proportion of G-to-A/C-to-T missense changes was significantly higher than
that of A-to-G/T-to-C changes, particularly when the changes were deleterious (Fig. 5C, upper). The
differences in mutational burden between these two types of rare missense changes markedly increased
with increasing deleterious effects of the changes (Fig. 5C, bottom). These results further support that

damaging G-to-A/C-to-T missense mutations are especially tolerable in a healthy population.
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Figure 5. Relationship between the distributions of different types of rare missense variants and A-to-G RNA editing. (A)

Correlation between the distributions of different types of rare missense variants from the 1000 genome project and

15


https://doi.org/10.1101/462390

bioRxiv preprint doi: https://doi.org/10.1101/462390; this version posted November 5, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

deleteriousness (measured by CADD scores) of the corresponding genomic changes. (B) Fraction of the frequency of
nonsynonymous G-to-A/C-to-T changes to the frequency of nonsynonymous A-to-G/T-to-C changes (i.e., the f(G-t-a/c-to-
1/ f(A-t0-GrT-t0-C) Tatio) for different deleterious effects of the genomic changes. (C) Comparisons of the individual mutational
burden of the two types of rare transition missense variants (A-to-G/T-to-C and G-to-A/C-to-T) in the 1000 genome project.
The upper panel represented the proportions of rare A-to-G/T-to-C and G-to-A/C-to-T missense variants per individual for
different CADD scores. The bottom panel represented the differences (effect sizes) mutational burden between these two
types of rare missense variants. Effect sizes were measured by Cohen’s d, which was defined as the difference between
both mean numbers of these two types of rare missense variants divided by the standard deviation of the paired differences.
The estimated 95% confidence intervals of effect sizes were plotted (see also Supplemental Table S2). (D) Comparisons
of the proportions of SNP sites with the ADAR motif for different deleterious effects of G-to-A/C-to-T and non-G-to-A/C-
to-T rare missense variants. P values were determined using two-tailed Fisher’s exact test ((B) and (D)) or two-tailed

Wilcoxon signed ranked test (C). Significance: **P value < 0.01 and ***P value < 0.001.

We then examined whether the preference for damaging G-to-A/C-to-T missense mutations in a
population was associated with the primary ADAR sequence motif (Lehmann and Bass 2000;
Eggington et al. 2011) for G depletion and G enrichment at the 5' and 3' neighboring nucleotides of
the A-to-G editing sites. Indeed, sites of G-to-A/C-to-T missense mutations have a significantly higher
percentage of the ADAR motif than those of non-G-to-A/C-to-T ones; such differences markedly
increased with increasing CADD scores (Fig. 5D). All the trends observed above are independent of
tools for measuring the deleteriousness of amino acid substitutions (Supplemental Fig. S4) and human
subpopulations (Supplemental Fig. S5). These observations thus suggest that nonsynonymous A-to-G
RNA editing is highly associated with the distribution of existing nonsynonymous polymorphisms at
functionally important loci, contributing to the mutational burden of deleterious missense variants in

the human population.

DISCUSSION

This study utilized the Geuvadis LCL data, which provide both genome and transcriptome sequencing
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data from the same individuals at a population scale, and conducted the first population-based analysis
to examine the relationship between A-to-G RNA editing activities and the allele frequency of A/G
genomic variants. Our results revealed that, for existing A/G missense variants, both the prevalence
and level of nonsynonymous A-to-G RNA editing were higher at sites with deleterious G-to-A genomic
changes than at those with deleterious A-to-G ones (Fig. 1B) and that nonsynonymous editing activities
exhibited a significantly negative correlation with the allele frequency of A in the LCL population (Fig.
2). The negative editing-allele frequency correlation is significantly stronger in functionally more
important loci/genes than in less important ones (Fig. 3); of note, such a trend is observed for
nonsynonymous editing, but not for synonymous editing when considering the correlations between
editing level and allele frequency of A (Supplemental Fig. S6). We further observed that G-to-A/C-to-
T missense mutations were much more prevalent than A-to-G/T-to-C changes (and other types of
changes) at functionally important sites, in which the differences in the mutational burden of missense
changes was significantly positively correlated with the deleteriousness of the changes (see Figs. SA,
5B, and 5C). For an existing A/G missense variant, if the G-to-A genomic change has severely
deleterious effects on protein function, RNA editing at this site with a higher editing level is more
likely to neutralize the deleterious effect of the genomic change at the RNA level, making the
deleterious effect weaker than expected. RNA editing may facilitate the escape of this existing
deleterious A/G variant from negative natural selection and therefore aid the tolerance for this
deleterious variant (i.e., the deleterious allele A) in a population. We thus suggest that nonsynonymous
A-to-G RNA editing is associated with the missense variant distribution and contributes to mutation

load in a population.

Since it is known that DNA methylation at CpG dinucleotides can significantly increase the rate

of spontaneous C-to-T transitions (Coulondre et al. 1978; Bird 1980; Holliday and Grigg 1993), one

may ask whether DNA methylation might affect the preference for G-to-A/C-to-T missense mutations
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at functionally important loci in a population. In human, it was observed that the majority of gene
bodies were heavily methylated (Keller et al. 2016). Position-dependent correlations have also been
shown between CpG methylation level and nonsynonymous substitution rate (dn) of the target genes
(Chuang and Chiang 2014) or exons (Chuang et al. 2012); such methylation-dn correlations were
observed to be negative for gene bodies (or internal/last exons) and positive for promoter regions (or
first exons). Accordingly, we asked whether our results shown in Figure 5 were biased toward first
exons. We divided nonsynonymous SNP sites into two groups: sites located within the first and non-
first (internal/last) exons. We performed the similar analysis and found that all the trends observed in
Figure 5 held well in both first and non-first exons (Supplemental Fig. S7), suggesting that the effect
of CpG methylation is less likely to be responsible for the preference for damaging G-to-A/C-to-T
missense mutations in a population. Meanwhile, although methylation level is positively correlated
with dn of first exons (Chuang et al. 2012), methylation effect seems not to be the cause of this
preference in first exons for the following two reasons. First, the proportion of lowly methylated
promoters is markedly higher than that of heavily methylated ones in human (Keller et al. 2016),
although the bimodal pattern of lowly and heavily methylated promoters is generally observed in
vertebrates (Saxonov et al. 2006; Elango and Yi 2008; Lou et al. 2014; Mendizabal and Yi 2016).
Second, for nondegenerate nucleotides (i.e., all genomic changes at these sites must cause
nonsynonymous changes) in first exons, methylated nucleotides are more conserved than
unmethylated ones when their target exons are subject to stringent selective constraints (Chuang and
Chen 2014). These observations thus suggest that the effect of DNA methylation on coding regions is
unlikely to be a consequence of the preference for damaging G-to-A/C-to-T missense variants in the

human population.

That nonsynonymous editing may help tolerate existing deleterious A/G variants in a population

raises the question of whether RNA editing is generally adaptive. Several studies have speculated that

18


https://doi.org/10.1101/462390

bioRxiv preprint doi: https://doi.org/10.1101/462390; this version posted November 5, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

nonsynonymous editing is more beneficial for enhancing transcriptome (and therefore proteome)
diversity and fitness than the direct replacement of As with Gs at the DNA level, and thus it is
maintained by natural selection (Gommans et al. 2009; Li et al. 2009; Nishikura 2010; Porath et al.
2017b; Eisenberg and Levanon 2018). However, most A-to-G RNA editing events are considered to
originate through promiscuous targeting by ADAR proteins (Xu and Zhang 2014). Like missense
mutations, most nonsynonymous A-to-G RNA editing events may result in deleterious effects on
protein function and consequently be eliminated from a population by natural selection. Several
observations support the claim that editing events are generally damaging. First, human coding RNA
editing events are rare and tend to be synonymous (Kleinman et al. 2012; Chen 2013). Second, only a
small number of conserved mammalian editing sites have been observed (Pinto et al. 2014; Liscovitch-
Brauer et al. 2017). Third, editing activity generally exhibits a minor quantitative impact on highly
expressed genes, essential genes, or regions under strong selective constraints (Solomon et al. 2014;
Xu and Zhang 2014). Finally, edited As were more likely to be replaced with Gs than unedited As in
evolution (Xu and Zhang 2014). Taken together, although natural selection has distinctly shaped the
landscapes of the editomes in various phylogenetic clades (Yablonovitch et al. 2017), human RNA

editing does not exhibit the signals of adaptation overall.

In addition, according to phylogenetic analysis of some specific cases, RNA editing was
suggested to be advantageous by extending sequence divergence at the DNA level, acting as a
safeguard by correcting G-to-A mutations at the RNA level and thus mediate the RNA memory of
evolution (Tian et al. 2008; Chen 2013). However, the safeguard scenario is unlikely to occur in
functionally important regions of the genome because most nonsynonymous A-to-G RNA editing
events are edited at a very low level (Solomon et al. 2014). It was observed that the level of coding
editing was generally less than 10% (Tan et al. 2017) except for very few events of high editing levels

(e.g., the editing site at position 607 of GRIAZ (Sommer et al. 1991); or see the summary table in Hung
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el al.’s study (Hung et al. 2018)). Most nonsynonymous editing events cannot fully post-
transcriptionally compensate for the deleterious effects of G-to-A genomic mutations. In addition,
regarding the five phylogenetic types of nonsynonymous A-to-G editing (Fig. 4A), we observed that
the median editing level of diversified sites is similar to that of G-conserved and hardwired sites (both
P values > 0.05 by two-tailed Wilcoxon rank-sum test; Supplemental Fig. S§A). Diversified sites are
tolerant of many different amino acids; in contrast, Gs at both G-conserved and hardwired sites are
under relatively stronger selective constraints. If A-to-G editing is mostly advantageous and acts as a
safeguard of G-to-A substitutions, then the editing level should be significantly higher at G-conserved
and hardwired sites than at diversified sites. Again, this observation supports the above discussion that
nonsynonymous editing is generally nonadaptive and unlikely to have a safeguard role overall in

human.

Moreover, we found that the median editing level at A-conserved and G-unfound sites was
significantly lower than the levels at diversified sites (Supplemental Fig. S§A). Since Gs at both A-
conserved and G-unfound sites are not selectively permitted during mammalian protein evolution,
most editing events at genomic As should be constrained. This result is consistent with a previous
study (Xu and Zhang 2014), which performed a similar analysis by categorizing human
nonsynonymous editing sites into four phylogenetic types (i.e., A-conserved, hardwired, G-unfound,
and diversified sites) based on phylogenetic variations among 44 non-human vertebrates
(Supplemental Fig. S8B). This observation also reflects our abovementioned results that
nonsynonymous A-to-G RNA editing activities are significantly reduced at A/G missense variants

when A-to-G genomic changes are deleterious (Fig. 1B).

In conclusion, this study highlights the association between nonsynonymous RNA editing and

existing missense variants in the human population. Although the cause and distribution of damaging
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variants within a population are more complicated than expected (Henn et al. 2015), our findings reveal
that nonsynonymous A-to-G RNA editing is associated with the increased burden of deleterious G-to-
A missense variants in the healthy human population. Particularly for pathogenomics studies,
deleterious variants are often observed in well-established disease-associated genes in population
controls. Our results thus call to pay special attention to nonsynonymous A-to-G RNA editing in

pathogenomics studies for extracting pathogenic variants.

METHODS

Identification of RNA editing sites in the LCL population

The human gene annotation and the strands of sites were downloaded from the Ensembl genome
browser at http://www.ensembl.org/ (version 87). The genotype data were extracted from the Geuvadis
LCLs of 447 individuals [derived from the 1000 Genomes project (Genomes Project et al. 2015)]. The
RNA-seq data of the corresponding LCL samples were extracted from the Geuvadis project at
https://www.ebi.ac.uk/Tools/geuvadis-das/ (Lappalainen et al. 2013). The maskOutFa tool
(https://github.com/ENCODE-DCC/kentUtils/tree/master/src/hg/maskOutFa) was used to mask the
SNP sites of corresponding LCL samples at the human reference genome (GRCh38.p7) and generate
the pseudo-genome for each individual. The corresponding RNA-seq reads were then aligned against
the pseudo-genome using STAR aligner (version 2.5.1b) (Dobin et al. 2013). For the purpose of stud-
ying the relationship between allele frequency of A/G genomic variants and A-to-G RNA editing, we
only considered sites with A/G polymorphisms across the LCL population. There are three possible
genotypes for an A/G SNP site: AA, AG, and GG. We used SAMtools (version 1.2) mpileup (Li 2011)
and a pileup parser program pileup parser.pl to call variants at the A/G SNP sites with the homozygous
genotype AA for each individual. Of note, to eliminate the expression effect of allele G, throughout
this study we only calculated editing levels at sites with the homozygous genotype AA. The editing

level of a site was determined by the ratio of number of G reads to the sum of numbers of A and G
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reads (i.e., RNA editing level = G / (A+G)). We only simultaneously considered the sites with > 10
matched reads. A site was defined as an editing site if it satisfied two rules: (1) the base quality score
must be > 25 with the STAR-mapping quality score (Dobin et al. 2013) > 255 and (2) the site was
found to be edited at a level >5 % in at least two LCL samples from individuals with homozygous
genotype AA. To minimize potential false positives caused by sequencing errors, an editing event was
not considered if its editing level was > 90%. The identified editing events and the related data were

deposited in Supplemental File S1.

Deleterious effects of genomic changes

The deleteriousness of genomic changes was evaluated by Combined Annotation Dependent Depletion
(CADD) score (Kircher et al. 2014), which can quantitatively prioritize the functional categories for
wide range variants, such as functional, deleterious, and disease causal variants. The CADD score is a
Phred-scale value, with higher CADD scores indicating that the genomic changes had more damaging
effects. For the genomic changes from the 1000 Genome project, the CADD scores of the changes
were downloaded directly from the 1000 Genome project. For all possible nonsynonymous genomic
changes in all human coding regions, the CADD scores of the changes were downloaded from the
CADD browser (release v1.4) at http://cadd.gs.washington.edu/. From the 1000 genome project, we
extracted rare missense mutations from derived alleles (based on the chimpanzee reference genome)
with minor allele frequency less than 0.01. We took G-to-A/C-to-T rare missense mutations as an ex-
ample to describe the calculation of frequencies of the genomic changes with different deleterious
effects in the 1000 Genome project. As shown in Supplemental Table S1, there are 40,239 G-to-A/C-
to-T rare mutations that cause nonsynonymous changes with a CADD score < 10 in the 1000 Genome
project. Of all human coding regions, 690,353 G (or C) sites would have nonsynonymous changes

with a CADD score < 10 if changed to A (or T). The frequency of G-to-A/C-to-T rare missense muta-

tions with a CADD score < 10 is f(G-to-A/C-t0-T) = 40,239/690,353 = 5.83x1072.
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Evolutionary and functional analysis

The dn/ds ratios between human-rhesus macaque orthologs and between human and mouse orthologs
were downloaded from the Ensembl genome browser (version 87). The lower dn/ds ratios indicate that
the examined genes have stronger selective constraints. Both PhyloP (Pertea et al. 2011) and PhastCons
(Siepel et al. 2005) scores were downloaded from the UCSC genome browser at http://ge-
nomes.ucsc.edu/. The higher PhyloP/PhastCons scores indicate higher conservation levels of the ex-
amined sites. The essentiality of human genes was obtained from the Online GEne Essentiality (OGEE)
(Chen et al. 2017) database. For human, the OGEE database consists of 183 essential, 6,985 condi-
tionally essential, and 14,388 non-essential genes. OGEE essential and conditionally essential genes
were both considered as essential genes for this study. The gene variant intolerance (pLI) scores were
estimated by the Exome Aggregation Consortium (ExAC), which range from 0 to 1, with higher pLI
scores indicating greater LOF intolerance levels (Lek et al. 2016). The pLI scores of human genes were
retrieved from the EXAC browser at http://exac.broadinstitute.org/. Human genes were divided into
two groups, 3,488 LOF-intolerant and 14,753 LOF-tolerant genes, using the 90th percentile as a cut-
off. The information on 412 pleiotropic and 1,345 non-pleiotropic genes was downloaded from Plei-
otropyDB (Ittisoponpisan et al. 2017) at http://www.sbg.bio.ic.ac.uk/pleiotropydb/home/. Genes were
classified as pleiotropic when they were associated with more than one disorder affecting different
physiological systems or different conditions of a single physiological system, whereas genes were
classified as non-pleiotropic when they were associated with only one disorder (Ittisoponpisan et al.

2017).

Phylogenetic variation of nonsynonymous editing sites

We retrieved the pattern of phylogenetic variation for each analyzed nonsynonymous editing site from
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the human, chimpanzee, rhesus macaque, and mouse orthologous nucleotide. The corresponding ge-
nome coordinates of orthologous sites among these species were determined using the UCSC liftOver
tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver). An orthologous site was determined as an A/G co-
incident SNP if it was observed to be A/G polymorphic in any two examined species. The SNP infor-

mation on these non-human species were downloaded from the Ensembl database (version 87).

Statistical analysis

Statistical analyses were performed using R software version 3.4.2 (http://www.r-project.org/). Statis-
tically significant differences were determined using two-tailed Wilcoxon rank-sum test, two-tailed
Wilcoxon signed ranked test, two-tailed Fisher’s exact test, and Spearman’s rank correlation, as appro-
priate. Statistically significant difference between two independent correlations were estimated from

two-tailed Z score test using the paired.r function within the psych R library.

Data access
Datasets generated and analyzed during the current study are presented in the paper and/or the supple-

mentary materials (Supplemental File S1).

Acknowledgments
We thank Chia-Ying Chen for discussions and Yu-Shiang Zeng for computational assistance. This
work was supported by Genomics Research Center (GRC), Academia Sinica, Taiwan; and the Ministry

of Science and Technology, Taiwan, under the contract MOST 103-2628-B-001-001-MY4 (to T.-J. C.).

Disclosure declaration

The authors declare that they have no conflicts of interest.

24


https://doi.org/10.1101/462390

bioRxiv preprint doi: https://doi.org/10.1101/462390; this version posted November 5, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

Athanasiadis A, Rich A, Maas S. 2004. Widespread A-to-I RNA editing of Alu-containing mRNAs in
the human transcriptome. PL0S Biol 2: e391.

Bird AP. 1980. DNA methylation and the frequency of CpG in animal DNA. Nucleic Acids Res 8:
1499-1504.

Chen CY, Hung LY, Wu CS, Chuang TJ. 2016. Purifying selection shapes the coincident SNP
distribution of primate coding sequences. Sci Rep 6: 27272.

Chen L. 2013. Characterization and comparison of human nuclear and cytosolic editomes. Proc Natl
Acad Sci U S A 110: E2741-2747.

Chen WH, Lu G, Chen X, Zhao XM, Bork P. 2017. OGEE v2: an update of the online gene essentiality
database with special focus on differentially essential genes in human cancer cell lines. Nucleic
Acids Res 45: D940-D944.

Chuang TJ, Chen FC. 2014. DNA methylation is associated with an increased level of conservation at
nondegenerate nucleotides in mammals. Mol Biol Evol 31: 387-396.

Chuang TJ, Chen FC, Chen YZ. 2012. Position-dependent correlations between DNA methylation and
the evolutionary rates of mammalian coding exons. Proc Natl Acad Sci U S A 109: 15841-
15846.

Chuang TJ, Chiang TW. 2014. Impacts of pretranscriptional DNA methylation, transcriptional
transcription factor, and posttranscriptional microRNA regulations on protein evolutionary rate.
Genome Biol Evol 6: 1530-1541.

Coulondre C, Miller JH, Farabaugh PJ, Gilbert W. 1978. Molecular basis of base substitution hotspots
in Escherichia coli. Nature 274: 775-780.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR.
2013. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29: 15-21.

Eggington JM, Greene T, Bass BL. 2011. Predicting sites of ADAR editing in double-stranded RNA.
Nat Commun 2: 319.

Eisenberg E, Levanon EY. 2018. A-to-I RNA editing - immune protector and transcriptome diversifier.
Nat Rev Genet 19: 473-490.

Elango N, Yi SV. 2008. DNA methylation and structural and functional bimodality of vertebrate
promoters. Mol Biol Evol 25: 1602-1608.

Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM, Korbel JO, Marchini
JL, McCarthy S, McVean GA et al. 2015. A global reference for human genetic variation.
Nature 526: 68-74.

Gommans WM, Mullen SP, Maas S. 2009. RNA editing: a driving force for adaptive evolution?
Bioessays 31: 1137-1145.

Henn BM, Botigue LR, Bustamante CD, Clark AG, Gravel S. 2015. Estimating the mutation load in
human genomes. Nat Rev Genet 16: 333-343.

Hodgkinson A, Ladoukakis E, Eyre-Walker A. 2009. Cryptic variation in the human mutation rate.

25


https://doi.org/10.1101/462390

bioRxiv preprint doi: https://doi.org/10.1101/462390; this version posted November 5, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

PLoS Biol 7: ¢1000027.

Holliday R, Grigg GW. 1993. DNA methylation and mutation. Mutat Res 285: 61-67.

Hung LY, Chen YJ, Mai TL, Chen CY, Yang MY, Chiang TW, Wang YD, Chuang TJ. 2018. An
Evolutionary Landscape of A-to-I RNA Editome across Metazoan Species. Genome Biol Evol
10: 521-537.

Ittisoponpisan S, Alhuzimi E, Sternberg MJ, David A. 2017. Landscape of Pleiotropic Proteins
Causing Human Disease: Structural and System Biology Insights. Hum Mutat 38: 289-296.

Keller TE, Han P, Yi SV. 2016. Evolutionary Transition of Promoter and Gene Body DNA Methylation
across Invertebrate-Vertebrate Boundary. Mol Biol Evol 33: 1019-1028.

Kido T, Sikora-Wohlfeld W, Kawashima M, Kikuchi S, Kamatani N, Patwardhan A, Chen R, Sirota
M, Kodama K, Hadley D et al. 2018. Are minor alleles more likely to be risk alleles? BMC
Med Genomics 11: 3.

Kimura M, Maruyama T, Crow JF. 1963. The Mutation Load in Small Populations. Genetics 48: 1303-
1312.

King JL, Jukes TH. 1969. Non-Darwinian evolution. Science 164: 788-798.

Kircher M, Witten DM, Jain P, O'roak BJ, Cooper GM, Shendure J. 2014. A general framework for
estimating the relative pathogenicity of human genetic variants. Nature genetics 46: 310.

Kleinman CL, Adoue V, Majewski J. 2012. RNA editing of protein sequences: a rare event in human
transcriptomes. RNA 18: 1586-1596.

Kurmangaliyev YZ, Ali S, Nuzhdin SV. 2015. Genetic Determinants of RNA Editing Levels of ADAR
Targets in Drosophila melanogaster. G3 (Bethesda) 6: 391-396.

Lappalainen T, Sammeth M, Friedlander MR, t Hoen PA, Monlong J, Rivas MA, Gonzalez-Porta M,
Kurbatova N, Griebel T, Ferreira PG et al. 2013. Transcriptome and genome sequencing
uncovers functional variation in humans. Nature 501: 506-511.

Lehmann KA, Bass BL. 2000. Double-stranded RNA adenosine deaminases ADAR1 and ADAR2
have overlapping specificities. Biochemistry 39: 12875-12884.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, O'Donnell-Luria AH, Ware JS,
Hill AJ, Cummings BB et al. 2016. Analysis of protein-coding genetic variation in 60,706
humans. Nature 536: 285-291.

Li H. 2011. A statistical framework for SNP calling, mutation discovery, association mapping and
population genetical parameter estimation from sequencing data. Bioinformatics 27: 2987-
2993.

Li JB, Levanon EY, Yoon J-K, Aach J, Xie B, LeProust E, Zhang K, Gao Y, Church GM. 2009.
Genome-wide identification of human RNA editing sites by parallel DNA capturing and
sequencing. Science 324: 1210-1213.

Liscovitch-Brauer N, Alon S, Porath HT, Elstein B, Unger R, Ziv T, Admon A, Levanon EY, Rosenthal
JJ, Eisenberg E. 2017. Trade-off between Transcriptome Plasticity and Genome Evolution in
Cephalopods. Cell 169: 191-202 el11.

26


https://doi.org/10.1101/462390

bioRxiv preprint doi: https://doi.org/10.1101/462390; this version posted November 5, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Lohmueller KE. 2014. The distribution of deleterious genetic variation in human populations. Curr
Opin Genet Dev 29: 139-146.

Lou S, Lee HM, Qin H, Li JW, Gao Z, Liu X, Chan LL, Kl Lam V, So WY, Wang Y et al. 2014. Whole-
genome bisulfite sequencing of multiple individuals reveals complementary roles of promoter
and gene body methylation in transcriptional regulation. Genome Biol 15: 408.

Lynch M, Gabriel W. 1990. Mutation Load and the Survival of Small Populations. Evolution 44: 1725-
1737.

MacArthur DG, Balasubramanian S, Frankish A, Huang N, Morris J, Walter K, Jostins L, Habegger L,
Pickrell JK, Montgomery SB et al. 2012. A systematic survey of loss-of-function variants in
human protein-coding genes. Science 335: 823-828.

Mendizabal I, Yi SV. 2016. Whole-genome bisulfite sequencing maps from multiple human tissues
reveal novel CpG islands associated with tissue-specific regulation. Hum Mol Genet 25: 69-82.

Nishikura K. 2010. Functions and regulation of RNA editing by ADAR deaminases. Annu Rev
Biochem 79: 321-349.

Ohta T, Gillespie JH. 1996. Development of Neutral and Nearly Neutral Theories. Theor Popul Biol
49: 128-142.

Park JH, Gail MH, Weinberg CR, Carroll RJ, Chung CC, Wang Z, Chanock SJ, Fraumeni JF, Jr.,
Chatterjee N. 2011. Distribution of allele frequencies and effect sizes and their
interrelationships for common genetic susceptibility variants. Proc Natl Acad Sci U S A 108:
18026-18031.

Peng Z, Cheng Y, Tan BC, Kang L, Tian Z, Zhu Y, Zhang W, Liang Y, Hu X, Tan X et al. 2012.
Comprehensive analysis of RNA-Seq data reveals extensive RNA editing in a human
transcriptome. Nat Biotechnol 30: 253-260.

Pertea M, Pertea GM, Salzberg SL. 2011. Detection of lineage-specific evolutionary changes among
primate species. BMC Bioinformatics 12: 274.

Pinto Y, Cohen HY, Levanon EY. 2014. Mammalian conserved ADAR targets comprise only a small
fragment of the human editosome. Genome Biol 15: R5.

Porath HT, Knisbacher BA, Eisenberg E, Levanon EY. 2017a. Massive A-to-I RNA editing is common
across the Metazoa and correlates with dsSRNA abundance. Genome biology 18: 185.

Porath HT, Schaffer AA, Kaniewska P, Alon S, Eisenberg E, Rosenthal J, Levanon EY, Levy O. 2017b.
A-to-I RNA editing in the earliest-diverging eumetazoan phyla. Molecular biology and
evolution 34: 1890-1901.

Saxonov S, Berg P, Brutlag DL. 2006. A genome-wide analysis of CpG dinucleotides in the human
genome distinguishes two distinct classes of promoters. Proc Natl Acad Sci U S A 103: 1412-
1417.

Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, Rosenbloom K, Clawson H, Spieth J, Hillier
LW, Richards S et al. 2005. Evolutionarily conserved elements in vertebrate, insect, worm, and
yeast genomes. Genome Research 15: 1034-1050.

27


https://doi.org/10.1101/462390

bioRxiv preprint doi: https://doi.org/10.1101/462390; this version posted November 5, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Solomon O, Bazak L, Levanon EY, Amariglio N, Unger R, Rechavi G, Eyal E. 2014. Characterizing
of functional human coding RNA editing from evolutionary, structural, and dynamic
perspectives. Proteins 82: 3117-3131.

Sommer B, Kohler M, Sprengel R, Seeburg PH. 1991. RNA editing in brain controls a determinant of
ion flow in glutamate-gated channels. Cell 67: 11-19.

Stenson PD, Mort M, Ball EV, Evans K, Hayden M, Heywood S, Hussain M, Phillips AD, Cooper DN.
2017. The Human Gene Mutation Database: towards a comprehensive repository of inherited
mutation data for medical research, genetic diagnosis and next-generation sequencing studies.
Hum Genet 136: 665-677.

Stenson PD, Mort M, Ball EV, Howells K, Phillips AD, Thomas NS, Cooper DN. 2009. The Human
Gene Mutation Database: 2008 update. Genome Med 1: 13.

Tan MH, Li Q, Shanmugam R, Piskol R, Kohler J, Young AN, Liu KI, Zhang R, Ramaswami G,
Ariyoshi K et al. 2017. Dynamic landscape and regulation of RNA editing in mammals. Nature
550: 249-254.

Tennessen JA, Bigham AW, O'Connor TD, Fu W, Kenny EE, Gravel S, McGee S, Do R, Liu X, Jun G
et al. 2012. Evolution and functional impact of rare coding variation from deep sequencing of
human exomes. Science 337: 64-69.

Tian N, Wu X, Zhang Y, Jin Y. 2008. A-to-I editing sites are a genomically encoded G: implications
for the evolutionary significance and identification of novel editing sites. RNA 14: 211-216.

Walkley CR, Li JB. 2017. Rewriting the transcriptome: adenosine-to-inosine RNA editing by ADARs.
Genome biology 18: 205.

Xu G, Zhang J. 2014. Human coding RNA editing is generally nonadaptive. Proc Natl Acad Sci U S A
111: 3769-3774.

Xue Y, Chen Y, Ayub Q, Huang N, Ball EV, Mort M, Phillips AD, Shaw K, Stenson PD, Cooper DN
et al. 2012. Deleterious- and disease-allele prevalence in healthy individuals: insights from
current predictions, mutation databases, and population-scale resequencing. Am J Hum Genet
91: 1022-1032.

Yablonovitch AL, Deng P, Jacobson D, Li JB. 2017. The evolution and adaptation of A-to-I RNA
editing. PL0S Genet 13: ¢1007064.

28


https://doi.org/10.1101/462390

